Objective To evaluate changes in urethral mobility and configuration after prolapse repair. 
INTRODUCTION
Pelvic organ prolapse (POP) is a highly prevalent condition, which can be asymptomatic but is often associated with various forms of pelvic floor dysfunction. Lower urinary tract symptoms (LUTS) are commonly associated with POP. A significant association has been found between voiding difficulty and increasing grade of POP, and the association seems to be strongest for anterior compartment prolapse 1, 2 . Normalization of free uroflowmetry has been shown after reduction of prolapse 3 . Treatment with a vaginal pessary or surgery is commonly employed to improve voiding 4 . Apart from voiding dysfunction, POP has also been hypothesized as a cause of detrusor overactivity, possibly secondary to chronic subclinical urethral obstruction 5 . Resolution of symptoms of an overactive bladder has been reported after prolapse repair 6, 7 and after commencement of pessary treatment 4 . Prolapse reduction with pessary or surgery may result in de-novo stress urinary incontinence (SUI), and this is one of the main reasons for discontinuation of pessary use. This phenomenon is also used to justify urodynamic testing before prolapse surgery. On the other hand, improvement/resolution of SUI has also been reported after prolapse repair 8 .
Mechanical obstruction secondary to urethral compression and/or urethral kinking has been suggested as a mechanism underlying the association between POP and LUTS. The urethra may become kinked due to differences in segmental urethral mobility as a result of urethral tethering to the os pubis, affected by ligamentous structures collectively termed the pubourethral ligaments 9 . Increased urethral mobility, especially of the mid urethra, has been shown to be associated with SUI and urodynamic stress incontinence (USI) 10 . It is plausible that changes in segmental urethral mobility and urethral alignment may be one of the mechanisms behind the association between POP and LUTS.
To date, there have been few attempts to study the association between prolapse reduction and changes in urethral functional anatomy that would help us better understand any associations between POP and LUTS.
This study was therefore designed to evaluate changes in urethral mobility and configuration after prolapse repair.
METHODS
This was a retrospective study in patients who had undergone prolapse surgery without concomitant anti-incontinence surgery, performed by H.P.D. between July 2005 and September 2016. Patients were identified from the hospital database. All women were assessed before and after surgery with a clinician-led questionnaire covering history and symptoms of lower urinary tract and pelvic floor dysfunction, a POP quantification (POP-Q) assessment 11 and four-dimensional translabial ultrasound. Only patients who had been followed up at least once at ≥ 3 months after the procedure were included in this study. Baseline demographic data including age, body mass index (BMI) and obstetric and gynecological history were obtained.
POP-Q examination and transperineal ultrasound assessment were performed with the patient in the supine position after bladder emptying. A Voluson 730 Expert or E8 system (GE Medical Systems, Zipf, Austria) equipped with an 8-4-MHz curved-array volume transducer was used, as described previously 12 . Acquisition of ultrasound volumes was performed at rest and on maximum Valsalva. At least three Valsalva maneuvers were performed for each patient, and the volume showing maximum pelvic organ descent was used for evaluation. Post-processing analysis of ultrasound volume data was performed using the proprietary software 4DView TM (version 10.0) at a later date by L.W., blinded to all clinical data.
Significant clinical prolapse was defined as POP-Q stage ≥ 2 for the anterior and posterior compartment 13 and ≥ 1 for the central compartment 14, 15 . Significant POP on ultrasound was defined as a cystocele ≤ −10 mm, uterine prolapse ≤ +15 mm or a rectocele ≤ −15 mm with reference to the pubic symphysis 15, 16 . Negative measurement values on imaging signify descent below the inferior symphyseal margin.
Urethral mobility was assessed using semi-automated urethral motion profile (UMP) software, as described previously 8 . In brief, the semi-automated Microsoft Excel (Microsoft Corp., Redmond, WA, USA) macro produced an automatic determination of x-and y-coordinates of six equidistant points along the length of the urethra, after manual tracing of the urethra in the midsagittal plane, from bladder neck (Point 1) to external urethral meatus (Point 6), relative to the dorsocaudal margin of the pubic symphysis on a bitmap image. UMP was determined by calculation of mobility vectors of the six points, using the formula: (Figure 1a ,b). Urethral kinking was measured by placing tangents distal and proximal to a change in urethral axis, visually identified on maximum Valsalva in the midsagittal plane ( Figure 1c ). Interobserver reproducibility of UMP and urethral kinking angle measurements were determined by W.L. and 
RESULTS
During the study period, 343 individuals underwent primary prolapse procedures by H.P.D.. Of those, 315 returned for follow-up at least 3 months postoperatively, of which 202 were excluded for concomitant anti-incontinence surgery and 21 for missing or incomplete volume data, leaving 92 complete datasets for analysis.
Mean age at surgery was 58 (range, 29-79) years, and median BMI was 28.5 (IQR, 25.3-32.9) kg/m 2 . Median parity was 3 (IQR, 2-4). Ninety (98%) patients were vaginally parous. Mean follow-up interval was 5.8 (range, 3-44) months. Of the women, 64 (70%) had anterior vaginal repair, including Perigee mesh repair in 45 (49%), three (3%) had hysteropexy, 34 (37%) had vaginal hysterectomy, 58 (63%) had sacrospinous ligament fixation, 67 (73%) had defect-specific posterior repair, three (3%) had levator reconstruction and 27 (29%) had a puborectalis sling. The latter two procedures were conducted in the context of institutional review board-approved surgical intervention trials. Forty-four patients (48%) had a history of hysterectomy, 11 (12%) of anti-incontinence surgery and 23 (25%) of prolapse procedures, including two (2%) with anterior mesh placement. Table 1 shows the prevalence of symptoms of pelvic floor dysfunction, median POP-Q coordinates and mean sonographic measures of pelvic organ descent before and after prolapse repair. Preoperatively, 46 (50%) complained of SUI, 54 (59%) of urge urinary incontinence (UUI) and 50 (54%) of symptoms of voiding dysfunction (VD) i.e. hesitancy, straining to void or a poor stream. Eighty-four patients (91%) complained of prolapse symptoms (lump/drag) and 57 (62%) of obstructed defecation i.e. straining to defecate, incomplete bowel emptying or digitation. Prolapse repair was performed for prolapse symptoms, except in eight cases in which posterior compartment procedures were carried out for symptoms of obstructed defecation rather than prolapse. Concomitant anti-incontinence surgery was not performed in 46 women with SUI, because either USI was not confirmed or the patient experienced only mild symptoms.
On clinical assessment, significant POP was found in 99% (n = 91) of women. Cystocele was found in 78% (n = 72), uterine prolapse in 39% (n = 36), a rectocele in 65% (n = 60) and an enterocele in 13% (n = 12). On translabial ultrasound, significant POP, as defined above, was found in 93% (n = 86) of women. Cystocele was found in 70% (n = 64), central compartment prolapse in 63% (n = 58) and posterior compartment descent in 48% (n = 44). The only patient not found to have significant POP on clinical examination was noted to have a significant rectocele on ultrasound, and she underwent surgery for obstructive defecation. With regards to urethral functional anatomy, the mean urethral mobility vectors of Points 1-6 were 3.1 ± 1.2, 2.8 ± 1.0, 2.3 ± 0.7, 2.3 ± 0.8, 2.5 ± 0.9 and 2.7 ± 1.0 cm, respectively (Table 2 ). Median kinking angle on Valsalva was 120
• (IQR, 100-136
Postoperatively, 71/84 (85%) women reported resolution of prolapse symptoms. Seven (15%) women complained of de-novo SUI, 11 (31.5%) of de-novo UUI and three (7%) of de-novo voiding dysfunction. Thirty-three of 46 (72%) women reported improved/resolved SUI, 40/50 (80%) reported improved/resolved VD and 42/54 (78%) reported improved/resolved UUI at follow-up. On clinical examination, 55% (n = 51) of women had recurrent POP. Cystocele was found in 43% (n = 40), an enterocele in 3% (n = 2) and a rectocele in 16% (n = 15). On ultrasound, 43% (n = 40) had recurrent POP, as defined above. There was a cystocele in 28% (n = 26), an enterocele in 8% (n = 7) and a rectocele in 25% (n = 23).
Postoperatively, the mean mobility vectors of Points 1-6 were 2.3 ± 0.9, 2.1 ± 0.7, 1.8 ± 0.6, 1.7 ± 0.6, 1.8 ± 0.6 and 1.9 ± 0.7 cm, respectively ( Table 2) . Median kinking angle on Valsalva was 130
• (IQR, 112-180
This implies a significant reduction in UMP values and urethral kinking after POP surgery. Subgroup analyses were performed for women who had anterior vaginal repair with or without apical repair, without concomitant posterior repair (n = 23) (Table 3) , and for those who had posterior vaginal repair with or without apical repair, without concomitant anterior repair (n = 26) ( Table 4 ). In the former subgroup, similar reductions in UMP values and urethral kinking were seen to those in the overall study group. The study was not powered sufficiently to evaluate any association between changes in urethral mobility and kinking and LUTS.
DISCUSSION
Female POP and LUTS are highly prevalent conditions that often coexist 17, 18 . This may be explained partially by common risk factors 19 and/or common pathophysiological mechanisms such as connective tissue or muscular defects and/or neuropathy 20 . In some instances, there may also be a cause-and-effect relationship 4 . Fernando et al. showed evidence of improved voiding after prolapse reduction with vaginal pessary 4 . In a review article, de Boer et al. found that all treatments for POP, both surgery and pessary, resulted in an improvement in overactive bladder (OAB) symptoms 21 . Bladder outlet/urethral compression and urethral kinking have been postulated as underlying mechanisms by which POP may induce symptoms of OAB, detrusor overactivity and voiding dysfunction 22, 23 . This latter hypothesis, however, remains unproven.
In this study on changes in functional urethral anatomy after prolapse surgery, a significant reduction in urethral mobility and urethral kinking was demonstrated after prolapse repair. On subgroup analysis, this effect seemed to be explained largely by anterior compartment surgery, with posterior compartment procedure having less of an effect on urethral mobility, and no effect on kinking angles.
As far as we are aware, this is the first study on changes in urethral mobility and urethral configuration after surgery for POP. The translabial ultrasound technique used in the current study is non-invasive, safe, and the easiest, cheapest and most widely available technique for imaging the urethra. The methodology has been shown to be highly repeatable both in volume data acquisition and in post-processing of volume data 23, 24 . It has been validated against SUI and USI, and a significant association has been shown between increased urethral mobility, especially mobility at the mid urethra, and SUI and USI 10 . Measurements of both UMP and urethral kinking angle were shown to have good interobserver repeatability.
There are, however, several weaknesses of this study that need to be acknowledged. Most of our patients were Caucasian, limiting conclusions to similar demographics. In addition, almost half of our patients had mesh repairs using a product that is no longer available (Perigee™), and the group is rather heterogeneous with regards to the other procedures performed. Individual surgical technique is also likely to play a role, especially for anterior colporrhaphy. On the other hand, the procedures likely reflect a rather typical mix for many urogynecological units in the developed world over the last 10-15 years, and the analysis of volume data, acquired using the same methodology since 2005, was performed within a few weeks by one individual, ensuring consistency.
Unfortunately, this series is insufficiently powered to allow an analysis of perioperative changes in urinary symptoms vs those in functional anatomy. Hence, we are unable to test the hypotheses that urethral kinking is a mechanism underlying the association between POP and LUTS. We are unable to determine if urethral 'straightening' contributes to resolution of symptoms of OAB and VD and is responsible for de-novo SUI after POP reduction. Studies with larger datasets are required to test these hypotheses.
In conclusion, POP surgery was found to be associated significantly with 'straightening' of the urethra and reduction in urethral mobility. The effect seems to be explained largely by anterior vaginal repair procedures.
